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Cardiac magnetic resonanceAbstract Background: Studies have demonstrated that infarct size estimated by CMR-LGE was
an independent determinant of adverse LV remodeling and dysfunction.
Objective: We sought to assess relationship between different scar characteristics and left
ventricular remodeling and dysfunction using late gadolinium enhancement CMR (LGE-CMR)
and echocardiography in patients with ischemic cardiomyopathy.
Methods: Forty-eight patients with post-infarction left ventricular (LV) dysfunction underwent
CMR and 2D echocardiographic studies. Various scar characteristics were assessed by a freely
available software and were correlated with functional parameters.
Results: All patients had LGE in CMR indicating prior myocardial infarction (MI). A statistically
signiﬁcant but modest negative association was found between left ventricular ejection fraction
(LVEF) and number of segments with LGE (r= 0.4, p= 0.005). Additionally, there was a
statistically signiﬁcant modest to moderate positive relationship between LV end diastolic volume
(LV EDV) and absolute total scar mass (r= 0.38, p= 0.007), absolute scar core mass (r= 0.32,
268 S. Gouda et al.p= 0.026), peri-infarct zone as absolute (r= 0.45, p= 0.001) and as percent of LV (r= 0.29,
p= 0.045) and number of segments with LGE (r= 0.32, p= 0.029). Similarly, statistically
signiﬁcant modest positive correlations were observed between LV end systolic volume (LV ESV)
and absolute total scar mass (r= 0.37, p= 0.009), absolute scar core mass (r= 0.32, p= 0.02),
peri-infarct zone as absolute (r= 0.4, p= 0.004) and number of segments with LGE (r= 0.38,
p= 0.007). There was a mild to moderate correlation between LVEF as assessed by TTE and
LVEF measured by CMR (r= 0.49, p< 0.001). The mean difference in LVEF between the two
methods was 7.5 ± 9.2% with a p value <0.001. Bland–Altman limits were wide ranging from
10.5 to 25.5%.
Conclusion: Different scar characteristics as assessed by CMR were associated with the extent of
LV remodeling and dysfunction. This highlights the potential importance of myocardial scarring
assessment in risk stratiﬁcation of patients with ischemic cardiomyopathy.
Wide agreement limits for ejection fraction assessment by TTE and CMR suggest that both
methods are not interchangeable. Given its 3D approach and superior image quality, CMR may
be the preferred technique for volume and ejection fraction estimation.
ª 2014 The Authors. Production and hosting by Elsevier B.V. on behalf of Egyptian Society of
Cardiology. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/3.0/).1. Introduction
Previous studies have shown larger myocardial necrosis in
anterior than in non-anterior MI patients, suggesting that MI
size but not its location was an independent predictor of
post-infarction prognosis.1,2 Later another study demonstrated
that infarct size estimated by CMR-LGE was an independent
determinant of adverse LV remodeling and dysfunction.3 In
our study, we tried to correlate between functional parameters
and different scar characteristics as assessed by CMR including
total infract size, scar core mass, peri-infarct zone and number
of segments with LGE.
2. Methods
2.1. Study population
Total study population included 48 subjects with LV systolic
dysfunction due to prior MI (LVEF <50%). Patients with
contraindication for magnetic resonance imaging (MRI) due
to implantation of medical devices and those with creatinine
clearance 630 ml/min were excluded from the study.
2.2. MRI protocol
All patients underwent CMR using a 1.5-T scanner (Philips
Achieva, Philips Medical Systems) with phased-array receiver
coil placed on the chest. Cine images were acquired with a
steady-state free-precession pulse sequence in long-axis planes
and 10 to 12 contiguous short-axis slices from the mitral annu-
lus to the apex. Imaging parameters were as follows: repetition
time (TR) 2.9 ms, echo time (TE) 1.4 ms, average in-plane
resolution 1.25 · 1.25 mm, ﬂip angle 60, 8-mm slice thickness,
2-mm gap, and temporal resolution 40 ms.
Fifteen to twenty minutes after bolus intravenous adminis-
tration of 0.2 mmol/kg of gadolinium-based contrast agent
(Magnevist; Schering, Berlin, Germany), delayed contrast-
enhanced images were acquired using segmented inversion-
recovery fast gradient-echo pulse sequences4 in the same
short-axis locations as the cine images. Look-Locker sequencewas obtained ﬁrst to choose the optimal inversion time (TI) for
subsequent infarct imaging. Imaging parameters were as
follows: TR 6.1 ms, TE 2.9, average in-plane spatial resolution
1.25 · 1.25 mm, 8-mm slice thickness, 2-mm gap, TI 175–300
ms (adjusted as needed to optimally null the signal of normal
myocardium) and ﬂip angle 25. All images were acquired with
ECG gating and breath-holding.
2.3. MRI analysis
The CMR Digital Imaging and Communications in Medicine
(DICOM) images were analyzed using the freely available soft-
ware segment version 1.9 R3248 (http://segment.heiberg.se).5
LVEF, LV volumes, and LV mass were computed from the
short axis cine images after semiautomated contour tracing
of endocardial and epicardial borders of the left ventricle.
LV EDV and LV ESV were assessed according to Simpson’s
rule, and the ejection fraction was calculated. LV mass was
calculated by subtracting the endocardial volume from the
epicardial volume at end-diastole and then multiplying by
the tissue density (1.05 g/ml).
Subsequently, LGE-CMR images were analyzed using the
same software. The location of hyperenhanced segments on
LGE-CMR images was determined by visual inspection with
the American Heart Association (AHA) 17-segment model.6
We also determined the mean transmural extent of the infarct.
Each short axis image is divided into 80 radial sectors then for
each sector, transmurality is calculated and the transmurality
numbers for all sectors are added. The summed value is then
divided by the number of sectors where the transmurality is
larger than zero to get the mean infarct transmurality. After
the endocardial and epicardial borders were traced, the
hyperenhanced areas were outlined as the scar region. A region
of interest was traced by the observer in the remote myocar-
dium in an area free of artifacts and with uniform myocardial
suppression. The infarct core was deﬁned as myocardium with
signal intensity (SI) more than 5 SD above the mean SI of the
normal remote myocardium and the peri-infarct zone was
deﬁned as SI between 3 and 5 SD greater than the remote.
The total scar was deﬁned as the sum of the scar core and
the peri-infarct zone. Total scar, scar core and peri-infarct zone
Figure 1 LGE-CMR short axis images of two of the study populations, one (A) with large anterior MI with overlying thrombus (arrow)
and the other (B) with inferolateral MI. In both (A) and (B) green and red contours correspond to epicardial and endocardial borders
respectively, yellow contour encircles the scar.
Table 1 Clinical baseline characteristics.
Variable Total population (n= 48)
Male 48 (100%)
Age (years) 60 ± 10
Location of prior MI
Anterior ± other territory 33 (69%)
Inferior and/or lateral only 15 (31%)
Duration since last MI (mos.) 8.5 (2–117)
Family history of SCD 1 (2%)
Diabetes 14 (29%)
Hypertension 26 (54%)
Dyslipidemia 25 (52%)
Smoking 38 (79%)
Family history of IHD 6 (13%)
Prior PCI 24 (50%)
Prior coronary bypass surgery 12 (25%)
BMI 29 ± 4
NYHA
Class II 43 (90%)
Class III 2 (4%)
Class IV 3 (6%)
Baseline ECG
Rate (bpm) 74 ± 15
Rhythm
Sinus 46 (96%)
Non-sinus 2 (4%)
QRS duration (ms) 109 ± 24
Creatinine (mg/dl) 1.2 ± 0.5
Medications
Beta blockers 40 (83%)
Amiodarone 19 (39.6%)
Digoxin 2 (4%)
Continuous data as mean ± SD and median (IQR) for normally
distributed and non-normally distributed data respectively. Cate-
gorical data are expressed as n (%).
SMVT, sustained monomorphic ventricular tachycardia; MI,
myocardial infarction; SCD, sudden cardiac death; IHD, ischemic
heart disease; PCI, percutaneous coronary intervention; BMI, body
mass index; NYHA, New York Heart Association.
Left ventricular parameters and scar characteristics in cardiomyopathy 269were also expressed as percentages of the total left ventricular
mass. Fig. 1 shows short axis LGE-CMR images in two of the
study subjects.
2.4. Echocardiography study
All patients had transthoracic echocardiography (TTE) study
to assess LVEF from the two-dimensional volume measure-
ments using the disk summation or biplane Simpson method.
The LV endocardial border was traced from two orthogonal
apical views to create multiple cylinders whose volume is sum-
mated to provide LV volume. Regional contractility or wall
motion of the LV was graded by dividing the LV into seg-
ments. The 16-segment model recommended by the American
Society of Echocardiography was used.7
2.5. Statistical analysis
Continuous variables are presented as mean±SD for normally
distributed data and as median and interquartile range (IQR)
for non-normally distributed variables. Categorical data are
summarized as frequencies and percentages. Univariate corre-
lations were calculated using Pearson’s correlation.
All tests were two-sided, and a p value less than 0.05 was
considered statistically signiﬁcant. All analyses were performed
using the SPSS software package 22.0.
3. Results
3.1. Study population
Baseline characteristics of the study population are summa-
rized in Table 1. In brief, a total of 48 patients were enrolled
in the study. All patients were male with a mean age of
60 ± 10 years. All had a history of MI 8.5 (IQR 2–117)
months before enrollment in the study. More than two thirds
of infarctions were anterior with or without other locations
and less than one third were involving the inferior wall and/
or lateral wall only. The most frequent coronary risk factor
270 S. Gouda et al.was smoking (79%) and the next common two were hyperten-
sion (54%) and dyslipidemia (52%). Half of the patients had
prior percutaneous coronary intervention and about one quar-
ter had previous coronary bypass surgery. Most of the patients
(90%) were in New York Heart Association Functional
(NYHA) class II at presentation. Only two patients had atrial
ﬁbrillation at baseline ECG. Most of the patients (83%) were
receiving Beta-blocker therapy at enrollment.
3.2. MRI variables
MRI ﬁndings are listed in Table 2. LVEF in the entire study
population was 23% (IQR 17–32%). LV EDV, LV ESV and
LV mass were 220 ± 64 ml, 166 ± 57 ml and 200 ± 45 g
respectively (see Table 2).
All patients had late gadolinium enhancement by CMR
indicating the presence of prior MI. The entire study popula-
tion had a total infarct size of 45 g (IQR 22–64 g) as absolute
mass and 23% (IQR 12.5–34%) as percent of LV mass and an
infarct core size of 36 g (IQR 20–55 g) as absolute mass and
20% (IQR 10–31%) as percent of LV mass. In the entire study
population, the peri-infarct zone was 6 g (IQR 2.5–9 g) as
absolute mass and 3% (IQR 1–5%) as percent of LV mass.
The whole study population had 72.5% (IQR 51–81%) mean
infarct transmurality and 7 (IQR 4–9) segments with LGE in
AHA 17 segment model.Table 3 Univariate correlations between scar characteristics and fu
Variable Total infarct
(g)
Total infarct
(%)
Scar core
(g)
LVEF (%) R 0.21 0.13 0.21
P 0.15 0.38 0.15
LV EDV (ml) R 0.38 0.18 0.32
P 0.007 0.2 0.026
LV ESV (ml) R 0.37 0.18 0.32
P 0.009 0.2 0.02
LVEF, left ventricular ejection fraction; LV, left ventricular; EDV, end
enhancement.
Table 2 MRI variables.
Variable Total population (n= 48)
LV EDV (ml) 220 ± 64
LV ESV (ml) 166 ± 57
LVEF (%) 23 (17–32)
LV mass (g) 200 ± 45
Total scar (g) 45 (22–64)
Scar core (g) 36 (20–55)
Peri-infarct zone (g) 6 (2.5–9)
Total scar (%LV) 23 (12.5–34)
Scar core (%LV) 20 (10–31)
Peri-infarct zone(%LV) 3 (1–5)
Mean infarct transmurality (%) 72.5 (51–81)
No. of segments with LGE 7 (4–9)
Continuous data as mean±SD and median (IQR) for normally
distributed and non-normally distributed data respectively.
SMVT, sustained monomorphic tachycardia; LV, left ventricular;
EDV, end-diastolic volume; LVEF, left ventricular ejection frac-
tion; LGE, late gadolinium enhancement.3.3. Scar characteristics and functional parameters by CMR
Table 3 shows univariate correlations between different scar
characteristics and functional parameters. A statistically
signiﬁcant but modest negative association was found between
LVEF and number of segments with LGE (r= 0.4,
p= 0.005). Total scar size, absolute and as percent of LV
and scar core absolute, and as percent of LV and peri-infarct
zone absolute, and as percent of LV were negatively associated
with LVEF but this association was weak and not statistically
signiﬁcant.
Additionally, there was a statistically signiﬁcant modest to
moderate positive relationship between LV EDV and absolute
total scar mass (r= 0.38, p= 0.007), absolute scar core mass
(r= 0.32, p= 0.026), peri-infarct zone as absolute (r= 0.45,
p= 0.001) and as percent of LV (r= 0.29, p= 0.045) and
number of segments with LGE (r= 0.32, p= 0.029).
Similarly, statistically signiﬁcant modest positive correla-
tions were observed between LV ESV and absolute total scar
mass (r= 0.37, p= 0.009), absolute scar core mass (r= 0.32,
p= 0.02), peri-infarct zone as absolute (r= 0.4, p= 0.004)
and number of segments with LGE (r= 0.38, p= 0.007).
3.4. Functional parameters by transthoracic echocardiography
(TTE) and comparison with CMR
Table 4 lists the functional parameters as assessed by TTE
among the study group. Mean LVEF in the total study popu-
lation was 32.5 ± 6.4%. Mean LV end-diastolic dimension
(LV EDD) and LV end-systolic dimension (LV ESD) were
6.45 ± 0.7 cm and 5.4 ± 0.7 cm respectively.
As illustrated in Fig. 2, there was a mild to moderate corre-
lation between LVEF as assessed by TTE and LVEF measured
by CMR (r= 0.49, p< 0.001). The mean difference in LVEFnctional parameters.
Scar core
(%)
Peri-infarct
(g)
Peri-infarct
(%)
No. of segments
with LGE
0.14 0.09 0.02 0.4
0.3 0.52 0.88 0.005
0.13 0.45 0.29 0.32
0.36 0.001 0.045 0.029
0.14 0.40 0.25 0.38
0.3 0.004 0.08 0.007
-diastolic volume; ESV, end-systolic volume; LGE, late gadolinium
Table 4 Functional parameters by TTE*.
Variable Total population (n= 48)
LV EDD (cm) 6.45 ± 0.7
LV ESD (cm) 5.4 ± 0.7
LVEF (%) 32.5 ± 6.4
LV, left ventricular; EDD, end-diastolic dimension; ESD, end-
systolic dimension; LVEF, left ventricular ejection fraction.
* Analysis of variance test. Data are expressed as mean ± SD.
Figure 2 Scatter plot showing correlation between LVEF as
assessed by TTE and as measured by CMR.
Figure 3 Bland–Altman plot for relationship of TTE and CMR
assessment of LVEF.
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Bland–Altman (BA) limits were 10.5 to 25.5% (Fig. 3).
4. Discussion
In our study, we tried to correlate between functional param-
eters and different scar characteristics as assessed by CMR
including total infract size, scar core mass, peri-infarct zone
and number of segments with LGE. The present study demon-
strates that extent of myocardial scarring is associated with LV
remodeling and dysfunction. This relationship was relatively
better for LV EDV and LV ESV than for LVEF.
Additionally, wide agreement limits for ejection fraction
assessment by TTE and CMR suggest that both methods are
not interchangeable.4.1. Scar assessment methods
In our study, we used a threshold of 3 SD above mean SI of
reference viable myocardium to deﬁne total infarct size. Several
methods are available for the measurement of LGE-CMR scar,
ranging from a simple visual assessment to quantitative
assessment by planimetry of hyperenhanced areas. However,
these methods can be time consuming and are relatively
operator dependent. More recently, semiautomated methods
have been developed in an attempt to improve objectivity.
However, these methods also have limitations.8 One problem
with the semiautomated quantiﬁcation of MI by LGE-CMR
is the lack of a standard deﬁnition of scar. While some studies
deﬁned scar as having SI of more than a multiple of SDs
(usually 2 or 3) above mean SI in an area of remote user-deﬁned
viable myocardium, others deﬁned scar as myocardium with an
SI P50% of the maximum SI within an infarct region.
Additionally, some studies used a binary approach for
assessment of scar tissue by categorizing myocardium into scar
tissue versus normal (remote) myocardium.9,10 Other studies
have used a more graded approach for analysis of LGE
images.11,12 These studies assessed infarct tissue heterogeneity
by quantifying myocardium with an intermediate SI (the
peri-infarct zone, border zone or gray zone), most likely
reﬂecting an admixture of scar tissue and viable myocardial
strands. These studies used different criteria to discriminate
the infarct gray zone from the infarct core. Yan et al.11 deﬁned
the infarct core as areas with SI more than mean SI plus 3 SD
of remote myocardium, and areas with SI between mean SI
plus 2 SD and 3 SD were recognized as the gray zone. Schmidt
et al.12, used a simpliﬁed version of the full-width half-
maximum method and deﬁned myocardium with SI >50%
of maximal SI in the hyperenhanced areas as the infarct core
and the gray zone as myocardium with SI more than peak SI
of remote myocardium but <50% of maximum SI. Roes
et al.13 deﬁned scar core and gray zones based only on the
maximum SI in the infarct area to avoid suboptimal signal
suppression of remote myocardium and image artifacts, both
affecting the SI of the remote myocardium. They deﬁned scare
core as areas with SI P50% of the maximal SI and gray zone
as areas with SIP35% but with SI <50% of the maximum SI.
4.2. Infarct tissue heterogeneity
Different methods were used to deﬁne the peri-infarct zone.
There is no consensus on the optimal thresholds for deﬁning
the peri-infarct zone that best correlate with various clinical
outcomes. In a recent study,14 Rubenstein et al. performed
LGE in 47 patients with CAD referred for EPS to assess for
VT. They used three previously published methods to quantify
the peri-infarct zone in the LGE images. Method I used pixels
2–3 SD above the mean of normal tissue, expressed as % of
LV mass, method II (as described by Yan et al.11) used the
same thresholds for deﬁning the peri-infarct zone but they
indexed this measure to the infarct size, and method III was
based on the method described by Schmidt et al.12 The study
demonstrated signiﬁcant variability between the published
methods for measuring peri-infarct zone.
Partial volume effects, where normal myocardium, blood
pool, or epicardial fat may exist within the same voxel volume
along with the infarct, can produce intermediate-intensity
272 S. Gouda et al.values. This may produce the appearance of gray zone on LGE
imaging, even if the actual tissue is not an admixture of viable
and non-viable myocardium and presumably not arrhythmo-
genic.15 In an animal study by Schelbert et al.16, they used
ex-vivo high resolution LGE imaging to characterize the
peri-infarct zone. The percentage of apparent intermediate
signal intensity myocardium increased signiﬁcantly when
image resolution was degraded to resemble clinical resolution
consistent with signiﬁcant partial volume averaging. In addi-
tion, poor T1 nulling of normal myocardium, as well as low
signal-to-noise ratios in general, can increase the amount of
intermediate-intensity pixels, and thereby falsely increase the
gray zone size.17
4.3. Infarct size and functional parameters
The LVEF in this study and others18–21 is inversely related to
total infarct size, although the strength of this relationship may
be weak. Many factors affect LVEF aside from infarct size,
such as preload, afterload, autonomic factors, medications,
and post-infarction remodeling.22 In contrast, LV EDV and
LV ESV were positively associated with total infarct mass, scar
core, peri-infarct zone and number of segments with LGE and
this association was moderate and statistically signiﬁcant. This
goes in line with the study done by Wu et al.23 In this study,
they did repeat MRI 4 months after STEMI to assess LV
remodeling. The smallest infarct size tertile had an increased
EF and unchanged EDVI. In contrast, subjects with the largest
infarct tertile also had improved EF at the expense of a
dramatic increase in EDVI. Based on these data scar size will
better correlate with EDV than EF as EF showed some
improvement in the chronic stage while EDV had a remarkable
increase.
4.4. LVEF by TTE versus CMR
In our study, as in previous studies24,25 there was wide
agreement limits (10.5 to 25.5) for ejection fraction
assessment by TTE and CMR suggesting that both methods
are not interchangeable. Given its 3D approach and superior
image quality, CMR may be the preferred technique for
volume and ejection fraction estimation.
4.5. Study limitations
This is an observational study and has all the limitations inher-
ent to this kind of study.26 The sample size in this study was
small, and the results need to be conﬁrmed in larger studies.
5. Conclusions
Different scar characteristics as assessed by CMR were associ-
ated with the extent of LV remodeling and dysfunction. This
highlights the potential importance of myocardial scarring
assessment in risk stratiﬁcation of patients with ischemic
cardiomyopathy.
Wide agreement limits for ejection fraction assessment by
TTE and CMR suggest that both methods are not
interchangeable. Given its 3D approach and superior imagequality, CMR may be the preferred technique for volume
and ejection fraction estimation.Conﬂict of interest
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